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Abstract Following the advantages of single cell trans¬ 
plantation in comparison to sheet grafts we improved a 
spinning culture system for keratinocytes on completely 
biodegradable micro-carriers. Since previous in vivo inves¬ 
tigations with different carrier materials (Cytodex® and 
PLGA) [Voigt et al. Tissue Eng 8(2):263-272, 2002; Voigt 
et al. Tissue Eng 5:563-572, 1999] revealed severe cellular 
inflammatory reactions and persistent remnants of micro¬ 
carriers in wounds, the aim of this study was to find a 
completely biodegradable, physiological and non-toxic 
material for new micro-carriers. We succeeded in setting 
up a keratinocyte spinning culture system using fibrin 
carriers. We were able to reconstitute the epidermis in full 
thickness wounds in an athymic nude mouse model and in 
an immunocompetent porcine wound model. 

Keywords Fibrin micro-carriers • Full thickness wounds • 
Spinning culture system 

Introduction 

As it was shown earlier, it is possible to culture and 
transplant keratinocytes on a mobile carrier system and 
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reconstitute a neoepithelium on a nude mouse full thickness 
wound model [6, 11, 12]. The advantage of this system is 
the possibility to expand the cells on the large total surface 
of the spherical carriers very quickly and to avoid further 
enzymatical steps to harvest the cells from a culture flask. 
The major drawback of the system is the significant 
inflammation reaction in the animal model due to the non- 
resorbable carrier material (Cytodex 3®), which consists of 
dextran coated with denaturated collagen [6, 12] and pH 
changes and without total resorption due to an improved 
carrier material polylactid acid (PLA) [5]. Further, the 
previous experiments were carried out in an immunoin- 
competent athymic mouse model. We advanced our 
spinning culture model with specially fabricated fibrin 
carrier in an immunocompetent porcine wound model. 
Fibrin is a proven and advantageous vehicle material for 
keratinocytes since fibrin matrix adhesion, proliferation and 
migration of keratinocytes facilitate via a transient over¬ 
expression of the fibronectin receptor [8-10]. Fibrin glue is 
anticipated to be a very useful vehicle and culture material 
as we know from several investigations and the clinical use 
of keratinocyte fibrin glue suspension (KFGS) [9, 10]. In 
this study we are able to show the feasibility of fabricated 
fibrin carrier to serve as cell culture model and transplan¬ 
tation vehicle. We also investigated the tissue compatibility 
of the fibrin carrier in the athymic mouse model and in an 
immunocompetent porcine wound model. 

Materials and methods 

In vitro experiments 

Fibrin carriers were inoculated with keratinocyte single cell 
suspension using the spinning culture technique. 
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Fibrin carriers were produced from lyophilized fibrin 
glue flakes which were crushed into micro-carrier pieces 
ranging between 50 and 500 jam in diameter (Baxter, 
Vienna, Austria). 

In vitro Isolated human/porcine keratinocytes from second¬ 
ary serum-free, subconfluent culture were inoculated 
directly with fibrin micro-carriers using the spinning culture 
technique (Fig. 1). Cell growth and proliferation were 
determined by counting and alamarBlue™ test [1]. Propi- 
dium-iodide staining was used to stain the cell nuclei and 
simplify counting. 

Primary cell culture 

A skin biopsy from a 35 year old patient undergoing plastic 
surgery was obtained and human keratinocyte cells were 
enzymatically harvested and cultured under serum-free 
conditions according to Boyce et al. [3] After reaching 
subconfluence, the cells were detached enzymatically from 
the culture flasks. A pig skin biopsy was taken from the 
same animal, which was later used for the autologous 
porcine wound model. 

Micro-carrier 

The fibrin carriers were produced from flakes of lyophilized 
fibrin glue flakes which were crushed into micro-carrier 
particles ranging between 50 and 500 pun in diameter 
(Baxter, Vienna, Austria). These microparticles could be 
inoculated directly with isolated human keratinocytes from 
secondary culture using the spinning culture technique. 

Proliferation assay: alamarBlue™ 

The alamar Blue™ Assay (DAL 1100, Biosource inter¬ 
national) is a water soluble fluoro/spectrometric indicator for 
cell growth, which relies on the metabolic activity of the cells. 



Fig. 1 Spinning device in incubator 


Spinner system 

The spinner culture device consists of 500 ml spinner flasks 
with metal containing stirring arms and a unit of four 
electromagnetic plates fitting into a 37°C incubator (Integra 
Biosiences, Femwald, Germany). This unit is driven by a 
computer system allowing adjustment of the rotating angle 
and the rotating speed (Fig. 1). 

Spinner culture 

Cells obtained from the flasks were inoculated with Fibrin 
micro-carriers in serum-free medium for 5 days in the 
spinner system. We used the culture technique as previously 
described by Voigt et al. [11, 12] for human and porcine 
keratinocytes. In detail we investigated the optimal param¬ 
eters for evenly suspended particles. To keep the carrier in 
suspension a spinning continuous speed of 30 RPM was 
optimal. The rotation direction was chanced from clockwise 
to counter-clockwise after a rotation angle of 1260°. 

In vivo experiments 

Cell seeded carrier transplantation nude mouse model 

Grafting was investigated utilizing a standard athymic nude 
mouse model, as previously described by Voigt et al. [12]. 
Full thickness wounds (2x2 cm) were created on the back 
of nude mice. Wounds were dressed with Biobrane® (Dow 
B. Hickam, Inc., Sugar Land, TX, USA) and sterile cotton 
gauze. Wound dressing was changed every day, biopsies 
taken at day 7, 14 and 21 postoperatively. 

Experiments included cell seeded fibrin carriers, cell-free 
controls and human keratinocytes in fibrin resuspended 
(keratinocyte fibrin glue suspension — KFGS). 

Wounds were transplanted with either: 

Group M I: fibrin carrier seeded with cells (n=\2) 
Group M II: fibrin carrier without cells (n=\2) 

- Group M III: KFGS (^=12) 

Porcine model 

After 5 days in spinning culture the fibrin micro-carriers 
with autologous porcine keratinocytes were transplanted 
onto full thickness wounds. A margin of 1-1.5 cm was left 
as a barrier to the wound edge to prevent keratinocytes 
overgrowth from the wound’s edges. Fig. 2 shows the 
transplantation of the single cell suspension to full 
thickness wounds. 

We created in our standard porcine model, as previously 
described by Bannasch et al. [2] eight 3x3 cm full thickness 
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Fig. 2 Transplant procedure in pig model. The cell seeded fibrin 
carriers are transferred to the wound suspended in fibrin glue 


wounds on the dorsum of four pigs. Wounds were 
transplanted either with: 

Group P I: fibrin carriers+autologous porcine keratino- 
cytes (n= 4) or: 

Group P II: keratinocyte fibrin glue suspension 
(KFGS) (n= 4) 

Keratinocyte density in group I was 0.08><106/cm and 
in group II 0.75><106/cm . Transplanted wounds were 
dressed with Biobrane® (Dow B. Hickam, Inc., Sugar 
Land, TX, USA) and sterile cotton gauze. Wounds were 
observed for 21 days postoperatively. 

Histology 

Complete excision biopsies were taken on day 7, 14 and 21 
postoperatively and stained with hematoxiline-eosine for 
microscopic investigations. 

Direct immunofluorescence staining for MHC Class I 
(FITC, Sigma) was performed to prove the human origin of 
the epithelium in the nude mouse in vitro investigations. 

Results 

In vitro experiments 

The cells were inoculated to the carrier suspension, the 
viable cells attached to the carrier after 2 to 4 h (Fig. 3). At 
that time cells started to grow on the carrier surface as seen 
in light microscopy. The shortest seeding time (4 h) was 
seen in the above mentioned parameters. Cells remained 
attached stably to the cells without leaving the carriers. 
Maximal proliferative capacity was shown at day 5 after 
inoculation in the spinning culture system (day of trans¬ 


plantation). At that day, shown in Fig. 4, we obtained 
double the amount of human keratinocytes compared to 
standard culture methods. 

Proliferation assay: alamarBlue™ 

As shown in Fig. 5, the metabolic activity and proliferation 
of human keratinocytes on fibrin micro-carriers showed 
statistically significant cell growth with the maximum being 
on day 4. 

In vivo experiments 
Athymic mouse model 

Histology In group M I, 7 days after transplantation, we 
could detect an orientation of epithelial cells to the surface 
of the wound and on the 14th day a complete epithelialisa- 
tion of the wound (Fig. 6). No inflammatory cells were seen 
at the site of the carrier material on day 21. In the control 
group M II, epithelial ingrowth at the wound border on day 
21 was detected (Fig. 7), there were no epithelium at days 7 
and 14. The KFGS group (group M III) showed at day 7 no 
epithelium but some epithelial cells orientating to the 
wound surface, on day 14 a thin, closed epithelial layer 
and murine epithelial ingrowth at the wound border. 

Immune staining Anti-MHC Class I immune staining 
showed human cells in the neoepithelium and surrounding 
the carriers 14 days after transplantation in group M I and 
M III (Fig. 8). The control wounds treated with carriers 
without cells seeded showed a thin layer of mouse 
epithelium, which did not bind the FITC antibody. 



Fig. 3 4 h after inoculation of cells into the spinner culture. The 
seeded cells are highlighted by propidium-iodide staining 
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Cell growth in standard cell culture and in spinning culture on fibrin particles 
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Fig. 4 Growth rate of keratinocytes in standard flask culture and in spinning culture on fibrin micro-carriers. On day 7 the cell gain is almost 
double in the spinning culture compared to the standard flask culture 


Porcine model 

No infection was observed during the whole experiment. 

Histological staining showed on day 14 completely 
epithelialized transplantation-islands in wounds trans¬ 
planted with autologous porcine keratinocytes on fibrin 
carriers. Peripheral areas not epithelialized indicate that 
epithelialization originated from transplanted cells. As 
shown in Fig. 9 a characteristic rete ridges formation has 
been developed with intra-epidermal cyst formation with 
vacuoles in former carrier locations. There is lysis of fibrin 


carriers with no inflammatory tissue-reaction around fibrin 
carriers. 

Discussion 

Fibrin micro-carriers in the spinning culture technique have 
been shown to be suitable to reconstitute an epidermis on 
full thickness wounds with either human or porcine 
keratinocytes. 


alamarBlue-Assay: Metabolic Activity and Proliferation of human 

Keratinocytes on Fibrin-Microcarriers 
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Fig. 5 alamar Blue assay showing a significantly enhanced metabolic activity and metabolism of seeded keratinocytes with maximum on day 4 

(p<0.001) 
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Fig. 6 HE staining of wound necropsy 14 days after transplantation 
of keratinocytes seeded micro-carriers. The epithelium is closed and 
keratinized 



Fig. 8 MHC Class I Antigen detected by a FITC antibody proving the 
human origin of the epithelial cells, day 14 postoperatively after 
transplantation of keratinocytes seeded fibrin micro-carriers 


The advantages of this new culture technique is the 
avoidance of any enzymatic treatment before transplanta¬ 
tion compared to other culture methods [4, 7, 13]. 
Furthermore, the large culture surface allows for a broader 
attachment of viable cells. This was shown to lead to a 
higher yield of cells compared to standard culture tech¬ 
niques. The system is capable of reconstructing a multi¬ 
layered, stable and regenerative epithelium in the 
immunocompetent porcine model; this is a verification of 
previous results in the immunoincompetent athymic nude 
mouse model [11, 12]. There was no cellular inflammatory 
reaction during the whole observation period 

The epithelial thickness was comparable to KFGS- 
standardl-group after 14 days while the initial cell density 
was approximately 9-fold less and only one sixth of the cell 
amount of the associated mouse model. 


In previous studies it has been shown that cells seeded 
on a carrier surface were able to reconstitute the epidermis 
like the suspension or sheet transplantation methods [6, 12]. 
The drawback was the inflammatory reaction of the 
organism to the carrier material. In this study we used a 
micro-carrier system consisting of fibrin avoiding foreign 
body reaction, but using the same benefit as the former 
micro-carrier systems [11, 12]. In addition one might 
transplant multiple cell types with this spinning culture 
system using fibrin micro-carriers which presents an 
interesting alternative for co-culture and co-transplantation 
in the field of tissue engineering. In addition to in vitro 
experiments, which showed promising results, we investi¬ 
gated the feasibility of fibrin carriers to be loaded with 
recombinant growth factor as a delivery system for rhEGF. 



Fig. 7 Control wound without cells transplanted, HE staining of 
wound necropsy on day 21 postoperatively. There are no epithelium at 
the wound site, but ingrowth of mouse epithelium at the wound’s 
edges 



Fig. 9 Day 14 postoperatively after transplantation of autologous 
keratinocytes seeded fibrin micro-carriers in a pig animal model, 
formation of characteristic rete ridges, newly constructed dermal 
structures 


4) Springer 











168 


Eur J Plast Surg (2006) 29:163-168 


References 

1. Ahmed SA, Gogal RM Jr, Walsh JE (1994) A new rapid and 
simple non-radioactive assay to monitor and determine the 
proliferation of lymphocytes: an alternative to [3H]thymidine 
incorporation assay. J Immunol Methods 170:211-224 

2. Bannasch H, Fohn M, Unterberg T, Bach AD, Weyand B, Stark 
GB (2003) Skin tissue engineering. Clin Plast Surg 30(4):573-579 

3. Boyce ST, Ham RG (1983) Calcium-regulated differentiation of 
normal human epidermal keratinocytes in chemically defined 
clonal culture and serum-free serial culture. J Invest Dermatol 
81:33s-40s 

4. Brown KW, Parkinson EK (1985) Alteration of the extracellular 
matrix of cultured human keratinocytes by transformation and 
during differentiation. Int J Cancer 35:799-807 

5. Chevallay B, Herbage D (2000) Collagen-based biomaterials as 
3D scaffold for cell cultures: applications for tissue engineering 
and gene therapy. Med Biol Eng Comput 38:211-218 

6. Hecht J, Hoefter EA, Hecht J et al (1997) Cultivated keratinocytes 
on micro-carriers: in vitro studies of a new carrier system. 
German. Handchir Mikrochir Plast Chir 29:101-106 

7. Herzog SR, Meyer A, Woodley D, Peterson HD (1988) Wound 
coverage with cultured autologous keratinocytes: use after bum 


wound excision, including biopsy followup. J Trauma Inj Infect 
Crit Care 28:195-198 

8. Juhasz I, Murphy GF, Yan HC, Herlyn M, Albelda SM 
(1993) Regulation of extracellular matrix proteins and integrin 
cell substratum adhesion receptors on epithelium during 
cutaneous human wound healing in vivo. Am J Pathol 
143:1458-1469 

9. Stark GB, Kaiser HW (1994) Cologne Bum Centre experience 
with glycerol-preserved allogeneic skin: part II: combination with 
autologous cultured keratinocytes. Bums 20(Suppl 1):S34-S38 

10. Stark GB, Kaiser HW, Horch R, Kopp J, Spilker G (1995) 
Cultured autologous keratinocytes suspended in fibrin glue 
(KFGS) with allogenic overgraft for definitive bum wound 
coverage. Eur J Plast Surg 18:267-271 

11. Voigt M, Andree C, Kalt T et al (2002) Human recombinant EGF 
Protein delivered by a biodegradable cell transplantation system. 
Tissue Eng 8(2):263-272 

12. Voigt M, Schauer M, Schaefer DJ, Andree C, Horch R, Stark GB 
(1999) Cultured epidermal keratinocytes on a micro spherical 
transport system are feasible to reconstitute the epidermis in full¬ 
thickness wounds. Tissue Eng 5:563-572 

13. Woodley DT, Peterson HD, Herzog SR et al (1988) Bum wounds 
resurfaced by cultured epidermal autografts show abnormal 
reconstitution of anchoring fibrils. JAMA 259:2566-2571 


<£) Springer 



